Tin and tin oxide-based electrodes are promising high-capacity anodes for lithium-ion batteries. However, poor capacity retention is the major issue with these materials due to the large volumetric expansion that occurs when lithium is alloyed with tin during lithiation and delithiation process. Here, a method to prepare a low-cost, scalable carbon and tin(II) oxide composite anode is reported. The composite material was prepared by ball milling of carbon recovered from used tire powders with 25 wt% tin(II) oxide to form lithium-ion battery anode. With the impact of energy from the ball milling, tin oxide powders were uniformly distributed inside the pores of waste-tire-derived carbon. During lithiation and delithiation, the carbon matrix can effectively absorb the volume expansion caused by tin, thereby minimizing pulverization and capacity fade of the electrodes. The as-synthesized anode yielded a capacity of 690 mAh g −1 after 300 cycles at a current density of 40 mA g −1 with a stable battery performance.
Introduction
Since the first commercialization in 1991, lithium-ion battery (LIB) plays a crucial role in powering most of the personal electronic devices [1, 2] . In response to the great needs to conserve our environment and reduce fossil fuel consumption, increasing attention has been focused on using LIB as a power source in electric and hybrid vehicles [3, 4] . However, problems such as relative higher cost and lower energy density of LIBs when compared to gasoline have hindered the LIB's further application in this area. Advances have been made on various aspects of the cathode materials, such as a push towards larger working potential (spineltype LiNi 0.5 Mn 1.5 O 4 [5, 6] and LiCoMnO 4 [7] , olivine-type LiNiPO 4 [8] ), as well as greatly increased cathode capacity (Li-S [9] [10] [11] [12] , Li-Air [13] [14] [15] batteries). Meanwhile, several electrolytes and additives have been proposed and studied to better facilitate electrochemical transfer through the interfaces [16] [17] [18] . On the anode side, despite many advantages, the use of graphite electrode has proven difficult because of its low specific capacity (theoretical 372 mAh g −1 ), low rate capability, and low lithiation potential that could lead to lithium dendrite growth. Therefore, novel anode materials with higher lithium storage capability, safer operation, and lower cost are needed.
Tin (Sn) and tin oxides (SnO, SnO 2 ) are a widely studied family of potential high-capacity anode materials [19] [20] [21] [22] . Lithium atoms can intercalate into Sn crystal lattice forming alloy compounds with a theoretical capacity of 991 mAh g −1 .
Sn has a volumetric capacity (2020 mAh cm −3 ) comparable to that of Si (2400 mAh cm −3 ) [23] . Similarly, Sn also shares similar issues associated with Si of huge volume change that occurs during charging and discharging cycles. The large volumetric change (~ 300%) creates the loss of both mechanical interaction and electrical contacts for electron conduction between grains, resulting in a huge capacity fade. Tremendous effort has been expended to alleviate this issue, such as designing a hollow structure to encapsulate the materials, an inactive supporting material matrix, and conducting carbon nanotube (CNT) surface coatings [23] [24] [25] [26] . Recently, tin oxides have been studied through a variety of synthesis methods to modify their morphology and structure [27] . However, capacity retention is still one of the biggest obstacles that hinders the commercialization of Sn-based materials. A few reports presented good stability when integrated with graphene or CNTs, but the material costs are way beyond customary for industrial applications [28] [29] [30] .
Meanwhile, discarded tires remain a problem that gets bigger along with the world's population and the world's adoption of private motorized vehicles. Globally, it is estimated that over 1 billion waste tires are generated every year [31] . These used tires pose serious environmental and health issues to local communities. Hence, proper recycling of worn-out tires has become an important and urgent problem that needs to be resolved. Recently, a tire-derived carbon (TC) anode has been demonstrated as a promising application for a recycled tire product having higher capacity and much lower cost than those of commercial graphite [32] [33] [34] . However, the TC shows a hard carbon type of voltage profile and a reduced working potential in the full cell. To be more attractive, larger capacity is needed from this type of anode material.
Here, we report an easy process for a low-cost, highcapacity LIB anode made using a TC and tin oxide (TC/ SnO) composite. After ball milling carbon with 25 wt% tin(II) oxide, uniformly mixed composite powders were achieved. The carbon derived from waste tires served as the absorbing matrix, which effectively minimized the volume change and the degradation of the electrode. This TC/ SnO anode maintained a capacity of 690 mAh g −1 after 300 cycles at a current density of 40 mA g −1 .
Experimental
Waste tire crumb rubber (of irregular shapes, 0.3-1 cm size) was used to prepare carbon by soaking it in a hot concentrated sulfuric acid bath followed by a washing process. The sulfonated rubber was heat treated in a tubular furnace with flowing nitrogen. The furnace was ramped up in two stages, from 20 to 400 °C at 1 °C min −1 , and from 400 to 1100 °C at 2 °C min −1 followed by furnace cooling to room temperature. The pyrolyzed residue yielded up to 50% carbon. The composite was then obtained by ball milling the TC with 25 wt% SnO (Alfa Aesar, 99%) powders for 12 h.
X-ray diffraction (XRD) data on carbon and the as-synthesized composite material were obtained with a PANalytical Empyrean diffractometer. The surface area and pore size distribution were analyzed using a Quantachrome NovaWin1000 at liquid nitrogen temperatures. Surface area was determined by the standard Brunauer-Emmett-Teller (BET) method, and pore size distribution was obtained by the Barret-Joyner-Halenda (BJH) method. The TC/SnO composite was characterized by using Hitachi HD-2300A scanning transmission electron microscopy (STEM) with a field emission source operated at 200 kV.
Electrochemical properties of composite electrodes were measured along with lithium metal as the counter electrode in a half-cell configuration. The composite electrode slurry was prepared by mixing 80% active material, 10% conductive carbon C45, and 10% polyvinylidene fluoride (PVDF) binder in N-methyl-2-pyrrolidone (NMP) solvent. Slurry was then casted onto a copper foil and dried in a vacuum oven at 110 °C overnight. The punched electrode discs had an active material loading of about 1.5 mg cm −2 . The electrolyte solution was 1 M LiPF 6 in a 1:1:1 mixture of ethylene carbonate (EC), dimethyl carbonate (DMC), and diethyl carbonate (DEC) from BASF Corporation. CR2032 coin cells were assembled with an electrode disc, a Celgard 2340 separator, lithium foil, and the electrolyte in an Argon-filled glove box. Cyclic voltammetry was performed with a Biologic VSP instrument over the voltage range 0.005 mV-2.0 V at a scan rate of 0.05 mV s −1 . A Land CT2001 was used to carry out the galvanostatic charge/discharge at room temperature over the voltage range of 5 mV-3 V at a current density of 40 mA g −1 . The rate performance test was conducted under current densities of 40, 100, 200, 500 mA g −1 , and 1 A g −1 with an Arbin BT2000 instrument.
Results and discussion
The morphology of TC was elucidated by scanning electron microscopy (SEM). As shown in Fig. 1a , the carbon presents a porous surface microstructure. These pores could be the ideal confinement for SnO to bond with carbon matrix. The nitrogen adsorption-desorption plot for TC and the pore size distribution is plotted in Fig. 1b . The surface area of TC was determined to be 227.1 m 2 g −1 . The pore size distribution showed a relatively large number of unique mesopore widths within the range of 5-10 nm and a noticeable amount of microporosity less than 2 nm. Such porosity could be Fig. 1 a SEM image of the surface of tire-derived carbon (TC), b nitrogen adsorption-desorption plot and the pore size distribution of TC attributed to the fact that the sulfuric-acid-pretreated tire rubber produces sulfur dioxide along with the rubber, which yields activated TC.
After ball milling with SnO for 12 h, XRD was collected on the TC/SnO composite, as shown in Fig. 2a . The diffraction pattern consists of both crystalline SnO peaks and a broad amorphous TC peak near ~ 26.6°, which is related to its (002) plane of carbon. One noticeable point from the XRD pattern is that the SnO peaks are broader compared with the SnO powder data, which suggests a reduction in particle size for SnO powders. The XRD data indicate that both TC and SnO maintained their integrity even after 12 h of intensive ball milling. In Fig. 2b , the nitrogen adsorption-desorption plot shows that the ball-milled TC/SnO composite had a reduced BET surface area (100.8 m 2 g −1 ). Such a reduction in surface area could be due to the pore filling of SnO particles into the TC matrix. In the meantime, typical 5-10 nm mesoporosity and a great amount of micropores from the TC were retained in the composite powders. High-resolution STEM dark-field and bright-field images of TC/SnO composite are presented in Fig. 2c and d. The arrows in the images show some tin-rich particles. The STEM images clearly show the presence of uniformly and well-bonded TC/SnO composite, which is believed to be the key to alleviating the volume expansion problem for tin-based materials.
Typical cyclic voltammetry (CV) curves of TC and TC/ SnO composite in the range 0.005-2 V at a scanning rate of 0.1 mV s −1 are compared in Fig. 3a and b . The CV of TC shows a gradual lithium intercalation and de-intercalation process without a large peak. The first cycle reveals large differences in the discharge curve compared with the second and third cycles, which could be related to the formation of solid electrolyte interfaces and the reaction between electrolyte and the surface functional group of the carbon materials. The small discharge peak at 0.8 V may be attributed to the reduction of the solvents (mainly EC) and the co-intercalation into graphene layers [35, 36] . For TC/SnO composites, besides the possible causes mentioned above, the large cathodic peak observed at 0.8 V is also associated with the Typical charge/discharge profiles of composite electrode at a current density of 40 mA g −1 are shown in Fig. 3c . Both TC and TC/SnO composite yielded gradually changing discharge voltage profiles; however, TC/SnO composite showed a much larger area below 0.5 V, which is due to lithium alloying with Sn, as shown in Eq. (2). The cycling performance of TC and TC/SnO composite is compared in Fig. 3d . The initial capacity of discharge/charge for TC is 1032.8/645.3 mAh g −1 , which corresponds to the first-cycle efficiency of 62.5%. After the initial loss, the TC cell efficiency increased to 93.2% for the second cycle and remained
above 98% after 15 cycles. The discharge/charge capacity after 100 cycles for TC is 463.1/459.8 mAh g −1 . Compared with pure TC, the composite with SnO added shows a lower first-cycle efficiency, 56.3%, which is due to the reduction of SnO to Sn irreversibly as shown in Eq. (1). It is well documented that Li 2 O phase is electrochemically inactive and non-conductive. However, it is reported that finely divided Sn particles in a network of Li 2 O could hinder the aggregation of Sn particles and lead to good cyclability, which was also observed in this TC/SnO composite and will be shown later [37] . The efficiency of the TC/SnO composite cell increased to over 98% after 8 cycles. The capacity of the TC/SnO composite slightly decreased then gradually stabilized after 10 cycles, and the discharge capacity of the TC/SnO composite after 100 cycles was 632 mAh g −1 . This value is 36.5% larger than that of TC alone, which indicates that the composition of 75 wt% carbon matrix-25 wt% SnO works well. In fact, this value is also larger than the simple addition of TC and theoretical SnO capacities. There may be two reasons for such a phenomenon. First, ball milling of TC decreases its particle size and allows more carbon to react with lithium, which yields a higher-capacity carbon matrix constituent. Moreover, ball milling may also contribute to a synergistic effect between the carbon and tin oxides (i.e., the composite's performance is enhanced to a greater degree than expected from summing the individual constituents' performances), and this effect has been reported previously [37, 38] .
The rate capability of TC/SnO composite has been measured, and the data are shown in Fig. 4a . The discharge capacities are 727, 595, 483, 288, and 50 mAh g −1 with a current density of 40, 100, 200, 500 mA g −1 , and 1 A g −1 , respectively. Undoubtedly, the low performance under high current densities was observed owing to the relatively low conductivity of the TC, as well as the electrochemical overpotential and concentration overpotentials. However, it is noticeable that after the large current density cycle, the capacity of TC/SnO recovers to its original value without losing much lithium storage capability at lower current density. This proves the strong carbon matrix support provided by TC and cycling under large current density did not destroy the bonding between the carbon matrix and SnO particles. The long-term stability test TC/SnO was also conducted to fully demonstrate the potential of this composite. Interestingly, the TC/SnO composite showed good capacity retention and a discharge capacity of 690 mAh g −1 after 300 cycles. However, after about 125 cycles, a slight capacity decrease followed by an increase was observed; this could be associated with the expansion of Sn particles, which provided more accessible locations to Li ions for storage. It is noteworthy that this composite electrode was achieved by simple ball milling of waste-tire-derived carbon product and SnO without any complicated synthesis process and that its capacity retention performance is comparable to most of the best Snbased materials mixed with expensive carbon nanotubes or graphene.
Conclusion
We have demonstrated a low-cost electrode composite for LIBs by ball milling of waste-tire-derived carbon (TC) and tin(II) oxide (SnO) powders. STEM images of this material show that ball milling can greatly reduce the particle size of both materials and provide uniform particle mixing. Meanwhile, ball milling's impact energy also promotes good bonding between the TC matrix and SnO particles, which has a positive synergistic effect on the composite. The electrochemical performance of the TC/SnO composite yielded a discharge capacity of 690 mAh g −1 after 300 cycles with good capacity retention. This TC/SnO composite shows potential as a low cost, environmentally benign, and performance-improved anode material for energy storage applications.
